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Introduction
Processes for solvent extraction of metals have been developed for specially selected combinations of extractant and diluent, sometimes making use of a modifier. The diluent then is not only a carrier for the extractant and extracted metal complex, but also a participant in the extraction process. The effect of the diluent is essentially an organic-phase reaction or interaction due to at least one of following two A typical example of category (a) is the extraction of copper with a hydroxyoxime extractant.6) The hydroxyoxime has an oxime-hydroxyl group that behaves as an electron-acceptor (hydrogen-donor).
The copper distribution ratio is lower by four to five orders of magnitude in electron-donor diluents (ndonor compoundssuch as alcohols and ketones) than in non-polar hydrocarbons, without changing the composition of the extracted species.
JOURNAL OF CHEMICAL ENGINEERING OF JAPAN Acidic organophosphorus compoundshave a commonand pronounced tendency toward forming aggregates in organic solution which exist in dimeric form at moderate concentrations. Furthermore, these have a P-»0 group which belongs to the «-donor solvent class. The interaction between extractant and diluent can, therefore, be expected to be moderate or relatively weak, owing to the self-association of the extractant. However, the extracted metal complex contains one or moreneutral extractant molecules. This inclusion may be regarded as one of solvation by the extractant. Extraction of metals with di(2-ethylhexyl)phosphoric acid and 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester were studied in previous works,4'5* using only non-polar hydrocarbons as diluents.
In practical extraction systems, however, the use of a modifier, especially higher alcohols, to prevent third-phase formation is generally known.
The present study was therefore undertaken to extend the previous results and to fully evaluate the nature of the interaction with the diluent for this extraction system. Several polar solvents, especially higher alcohols, were employed as diluents in addition to non-polar hydrocarbon solvents. The extraction performance and equilibrium formulations for cobalt, nickel and sodium were measured for single-diluent as well as for mixed-diluent systems. The electronic spectra of the organic solutions were also studied.
Experiments
The extractants, di(2-ethylhexyl)phosphoric acid (HDEHP)and 2-ethylhexylphosphonic acid mono-2ethylhexyl ester (EHPNA) were purified from commercial reagents supplied by Daihachi Chemicals Ind. Co., Ltd., Osaka, Japan, following the procedure described previously.4'5* All inorganic chemicals and solvents such as rc-heptane, xylene, toluene, benzene, 626 nm) reveals a typical tetrahedral symmetry, whilst that in 2-ethylhexyl alcohol (emax= 0.70 at 520 nm) has an octahedral symmetry. The hydroxyl-containing diluent is likely to interact with the Co-HDEHP complex and convert it to octahedral symmetry through the coordination of the alcohol molecules with the metal. The Co-EHPNA complex in xylene has a deep blue colour and its spectrum 0max=29.0 at 632nm) suggests tetrahedral symmetry as seen in the case of HDEHP. The complex in 2-ethylhexyl alcohol has a dark purple colour and its spectrum (e=1.45 at 544nm, 6max=1.50 at 580nm and 8=1.48 at 628nm) suggests that the complex still retains the features of tetrahedral symmetry in the higher alcohols. Sato and Nakamura10) have determined the structures of the HDEHP complexes in the absence of nhexane diluent to be Co:tetrahedral and Ni: octahedral. The present data with a xylene diluent system corroborate their findings. Very recently, Preston has studied the effect of a range of organic-phase additives on the stereochemistry of metal complexes and the resulting cobalt-nickel separation, using HDEHP and EHPNA as extractants.9) The results obtained from the electronic spectra studies, as a whole, support the present results. For nickel extraction, the situation is rather complicated. With non-polar solvents such as rc-heptane, benzene, toluene and xylene as diluent, straight lines with a slope of 3 are obtained and the extraction equilibrium is expressed as5)
In relatively weak electron-donors, such as nbutylether and nitrobenzene, the slope of the lines is lowered to 2.6 in the case ofHDEHP,but remains at 3.0 for EHPNA.The Ni-HDEHP complex seems to be more affected by the diluent than the Ni-EHPNA complex, as found in cobalt extraction. For the higher alcohols, the slope of the lines decreases to 2.0 for both extractants, and the extraction equilibrium is:
The nickel complexes exhibit octahedral coordination and contain water in both the diluents, xylene and 2ethylhexyl alcohol, as will be shown later. The nickel ion, with a coordination number of 6, tends to retain several water molecules in the first coordination sphere. The higher alcohols are likely to have a greater ability to replace the water molecule than the present neutral extractants and also to have the ability to stabilize the associated water. Alcohol thus enhances nickel extraction. It can therefore be inferred that the extracted species is present as NiL22(LH)2 in VOL. 17 NO. 4 1984 the non-polar hydrocarbons, and as NiL2(LH)2Al in the higher alcohols (Al : alcohol). A similar variation in the composition of the metal species with the diluent has been observed in the extraction of europium and terbium with dioctylphosphoric acid.3) Preston has found that nickel extraction is enhanced by the addition ofisodecanol to xylene diluent and suggested that the following substitution reaction mayoccur in the organic phase.9)
This agrees with the present study in that the diluent substitutes with a neutral extractant molecule in the complex. 2.3 Water content in the organic phase Data giving the water content of the organic solution containing the EHPNA complexes are plotted in Fig. 4 in terms of the loading ratio, where zl[H2O] indicates the difference between the water content of the orgainc solution and that of the solution without metal loading. Only the cobalt-EHPNA complex in xylene does not contain water. The ratios of water to metal molecules in the complex are found to be 4-6 for nickel in xylene and 5-8 for both nickel and cobalt in 2-ethylhexyl alcohol. This indicates that the associated water molecules are likely to be stabilized by alcohol molecules. In the case of sodium, the molar ratio of water to sodium is 1. found that HDEHPcomplexes saturated with cobalt do not contain associated water molecules, whilst the nickel complexdoes contain two water molecules per nickel ion. These results have been obtained for HDEHP complexes saturated with metals in the absence of rc-hexane or kerosene diluent. nickel, as expected from the electronic spectra study. Nosignificant difference is seen between the extraction performances of cobalt and nickel. The addition of 10% alcohol to xylene lowers the extraction con- These are expected to be applied to a n-heptane diluent system. For a 2-ethylhexyl alcohol diluent system, the formulations for both cobalt and nickel are assumed to be:
Identification of the aggregated species is established on the assumption that the extraction constants are independent of the number of metal atoms, n, in the species. This procedure has been described previously.^The constants thus obtained are summarized in Table 1 , together with published data.4'5) Consequently, the possible structures of the metal species can be represented as shown in Fig. 6 . The association of water molecules is represented by a dotted line, since the structure of the species containing water is not specified. The present extractants were used as a mixture of acid form and their sodium or ammonium salt. The equilibrium formulation for monomericsodium species was found to be5): Na++2(LH)2^NaL(3/2)(LH)2+H+ (13) The formulation for the aggregated species is found to be expressed as The values of Kex and Kp thus determined are also shown in Table 1 . Only a slight difference is seen between the values in xylene and in a mixed diluent of 90% xylene and 10% 2-ethylhexyl alcohol.
Discussion
To visualize the deduction madefrom the electronic spectra for the incorporation of the alcohol molecule into the nickel complex, measurements were also made of nickel extraction in which xylene, the host diluent, was progressively replaced by either 2-ethylhexyl alcohol or isodecanol. Interaction of the diluent with the metal complex was found to be muchgreater than that with the extractant, at least in the nickel extraction system. The present approach was used by Dyrssen and Kuca to identify the complexes in the extraction of uranyl ion with dibutylphosphoric acid and tri-ft-butyl phosphate. 2) Twonickel complexes are assumed to be formed in a mixed diluent, as follows: .5x10"6 for HDEHP and 9.5x 10~8 for EHPNA in isodecanol. These values are very similar to those obtained for the single diluents and summarized in Table 1 . Consequently, the nickel complex in the alcohol diluent can reasonably be expressed by the composition NiL2(LH)2Al.
Conclusion
The diluent effect in the extraction of metals such as cobalt, nickel and sodium with HDEHPand EHPNA was studied, employing non-polar hydrocarbons and polar solvents, especially higher alcohols, as diluents. The following results were obtained.
1) The extractants form complexes of tetrahedral symmetry with cobalt. Only in the case of HDEHP/ alcohol can the alcohol cause coordination of the complex and transform it to an octahedral complex. The overall extraction equilibria in all diluents have been expressed by the same formulation. The diluentextractant interaction is relatively weak and therefore the range of the extraction constants is only 30 for the HDEHPand 17 for the EHPNAextractant systems in all diluents investigated.
2) The extractants form complexes having octahedral symmetry with nickel. The alcohol diluent has the ability to substitute the neutral extractant in the complex. This brings a change in the overall extraction equilibrium formulation established by use of non-polar or weak polar diluents. In addition, the Ni-EHPNA complex in the alcohol contains more water molecules than the complex in xylene. The incorporation of alcohol and the stabilization of the associated water molecules by the alcohol causes a considerable enhancement in nickel extraction, preventing nickel-cobalt separation in alcohol diluent.
3) With an increase in loading ratio of the organic phase, successively larger aggregated metal complexes appear even in alcohol diluent, although the range in which the monomericspecies can exist is expanded to some extent. Equilibrium formulations for the aggregated species were determined for various combinations of metal and diluent. The constants thus obtained are summarized in Table 1 . The extraction of divalent metal with the acid form of EHPNA or HDEHP produces twice as many hydrogen ions as the metal extracted. Thus to permit the extraction of the desired amounts of metal, part of the extractant is converted to its sodium or ammoniumsalt and the aqueous phase is maintained in
